Background
==========

The rapidly growing morbidity and mortality of diabetes mellitus (DM) makes it a prevailing disease globally \[[@B1]\]. As an independent risk factor, hyperglycemia in DM is responsible for various cardiovascular complications. Characterized by consistent diastolic dysfunction and ventricular hypertrophy, diabetic cardiomyopathy (DCM) often develops in diabetic patients \[[@B2]\]. In diabetic population, risk and morbidity of developing congestive heart failure increased significantly \[[@B3],[@B4]\]. Apoptosis of cardiomyocytes is considered as a key pathological change in DCM \[[@B5]\]. Studies have confirmed that cardiomyocyte apoptosis is the cause of contractile units lost and reparative fibrosis in DCM \[[@B6]\]. It is believed that cardiomyocyte apoptosis increased in hearts from streptozotocin (STZ)- induced diabetic animals \[[@B7]\].

Excessive production of reactive oxygen species (ROS) is found in diabetic hearts from both type 1 and type 2 diabetes \[[@B8],[@B9]\]. Hyperglycaemia- induced ROS generation is considered to be responsible for progression and development of DCM \[[@B10]\], because ROS not only induces oxidative stress, but also impairs antioxidant defense system in cardiomyocytes \[[@B11]\]. Some cell death leading maladaptive signaling pathways are activated by excessive ROS production, contributing to pathogenesis of DCM \[[@B12]\]. Mitochondria is believed the major source of ROS under condition of hyperglycaemia because excessive ROS is generated by mitochondrial glucose oxidation \[[@B13]\].

As an important specialized organelle, endoplasmic reticulum (ER) is involved in protein folding, protein maturation, lipid synthesis, and calcium homeostasis \[[@B14]\]. Malfunctions of ER induced by various factors could lead to unfolded proteins response (UPR), resulting in ER stress \[[@B15]\]. Previous study provided the evidence for the involvement of the ER stress in the cardiac apoptosis in diabetic rat model \[[@B7]\]. These experimental data suggested that ER stress was initiated in diabetic hearts, and the ER stress- induced apoptosis took part in the pathogenesis and development of DCM. Investigations have also demonstrated that ER stress induces cell apoptosis independently from mitochondria- and death receptor- dependent pathways \[[@B16]\].

Concurrently, ER stress is often accompanied by increased ROS generation \[[@B17]\]. Excessive ROS which initiates the perturbation of cellular redox balance causes cell apoptosis \[[@B18]\]. It occurs that ROS is one of the important stimuli that trigger ER stress \[[@B19]\], a paradigm called ROS- dependent ER stress. However, the molecular events linking ROS and the components of the ER stress are still unclear. In mammalian cells, UPR signaling is conducted by key three major ER resident transducers- governed signaling pathways to induce apoptosis under severe ER stress, namely the inositol- requiring enzyme-1 (IRE1), activating transcription factor-6 (ATF6) and protein kinase RNA (PKR)- like ER kinase (PERK) \[[@B20],[@B21]\]. Given the critical role of IRE1, PERK and ATF6 in UPR signaling, it is most likely that these receptors would contribute a lot to ER stress- induced apoptosis. Thus, clarifying the changes in these pathways would be very helpful in learning the mechanism of cardiac apoptosis in response to ROS which is induced by hyperglycaemia in DCM.

In this study, we investigated the signaling transductions in ROS- dependent ER stress- induced cardiomocyte apoptosis in animal model of DCM. Moreover, in order to clarify the roles of IRE1, PERK and ATF6 in conducting apoptotic signal in ROS- dependent ER stress- induced cardiomocyte apoptosis, we further investigated apoptosis in high- glucose incubated cardiomyocytes with IRE1, ATF6 and PERK- knocked down respectively. N- acetylcysteine (NAC), the ROS scavenger, was also used to strengthen the findings concerning relationships between ROS, ER- stress and apoptosis in this study. Results in this study would be helpful in understanding the mechanism(s) of DCM and thus proposing potential therapeutic target(s) in treatment of DCM.

Methods
=======

Animals
-------

40 female Sprague- Dawley rats from Animal Experimental Center of Xi'an Jiaotong University (SPF class, 9 weeks old, mean body weight 291 ± 15 g) were used in this study. Rats were raised in 4 independent polypropylene cages under controlled conditions (artificial alternating 12-hour light- dark cycle; humidity 65% ± 4%; temperate 25 ± 1°C) for 1 week before implementation of experiments. Rats were allowed to access freely to standard rat diet and fresh tap water continuously. All animal experimental procedures were carried out in accordance with protocols approved by Medical Animal Research Ethics Committee at Xi'an Jiaotong University.

Animal grouping and treatment
-----------------------------

40 rats were randomly assigned into 4 groups: control group (Ctrl, n = 10); N- acetylcysteine (NAC) group (NAC, n = 10); diabetic cardiomyopathy group (DCM, n = 10) and DCM treated with NAC group (DCM + NAC, n = 10). In DCM + NAC, rats received single intraperitoneal injection of STZ (65 mg/Kg bodyweight, dissolved in citrate buffer; Sigma- Aldrich) \[[@B22]\], then treated by single intraperitoneal injection of freshly prepared NAC (300 mg/Kg bodyweight) \[[@B23]\]; in DCM, rats were administrated with the same dosage of STZ and then received physiological saline by intraperitoneal injection (equal volume with NAC); in NAC, rats first received physiological saline (equal volume with STZ), then treated by NAC in the same time and way; In Ctrl, rats received twice intraperitoneal injection of physiological saline at corresponding time periods.

Establishment of diabetes was identified by blood glucose concentration determined by automatic analyzer (One Touch SureStep Meter, LifeScan, USA) 2 weeks after STZ injection. Blood samples were obtained from tail vein after 12-hours fasting.

Cardiac function determination
------------------------------

### ***Plasma brain natriuretic peptide (BNP) assay***

Whole blood samples were collected using EDTA-Na~2~ vacuum blood collection tubes through abdominal aorta. After centrifugation at 1500 rpm for 20 minutes, supernatant plasma was separated. Plasma BNP concentration was determined by Triage BNP Assay (Biosite) according to manufacturer's instructions.

### ***Hemodynamic parameters***

Rats were anesthetized by intraperitoneal injection of chloral hydrate (10%, 0.03 mL/Kg bodyweight). Invasive hemodynamic determination was conducted according to methods describe in previous study \[[@B24]\]. Briefly, a Mikro Tip catheter transducer (Millar Instruments) connected to Powerlab 4/25 Biological Analysis System (AD Instrument) was intubated to left ventricle through right carotid artery. Then the hemodynamic parameters including maximum rate of left ventricular pressure increase (LVdP/dt max), maximum rate of left ventricular pressure decline (LVdP/dt min), ventricular systolic pressure (LVSP) and left ventricular end- diastolic pressure (LVEDP) were measured.

### ***Electrocardiograph (ECG) examination***

According to methods described in previous study \[[@B25]\], ECG examination was conducted. Rats were anesthetized by injection of 10% chloral hydrate (0.03 mL/Kg) intraperitoneally. A standard limb lead II ECG (AD instrument, Australia) was monitored and recorded by Powerlab 4/25 Biological Analysis System (AD Instrument) continuously after no external stimuli responses were found in rats. The arrhythmia vulnerability was evaluated by number of ventricular arrhythmic events (VAEs) which were presented as ventricular premature beats, ventricular tachycardia and ventricular fibrillation during 15- minutes recording \[[@B24]\].

Cell culture
------------

Neonate male Sprague--Dawley (SD) rats were supplied by the Experimental Animal Center of Xi'an Jiaotong University, China. The rats were anesthetized with chloral hydrate (10%, 0.03 mL/Kg, ip.) and sacrificed by cervical dislocation before removing the hearts. The cardiomyocytes were isolated after heart perfusion with Liberase (4.5 mg/mL, Roche), then purified and cultured as described previously \[[@B26]\]. Briefly, cells were placed on laminin-coated dishes and incubated for 1 hour in culture medium containing minimum essential medium (MEM) with Hank's buffered salt solution: MEM (HyClone), 5% bovine calf serum (HyClone), 2 mM L-glutamine (Invitrogen), 1.8 mM CaCl~2~, 100 U/mL penicillin- streptomycin (Invitrogen) and 10 mM 2, 3- butanedione monoxime (Sigma- Aldrich). After that, the culture medium was replaced by fresh culture media containing MEM, 0.1 mg/mL myocyte bovine serum albumin (Sigma-Aldrich), 2 mM L-glutamin (Invitrogen) and 100 U/mL penicillin-streptomycin (Invitrogen).

Target gene knockdown and cell treatment
----------------------------------------

### ***Small interfering RNA (siRNA) knockdown treatment***

PERK, ATF6 and IRE1 were knocked down respectively using small interfering RNA (siRNA, Takara). Targeting sequences for each gene: PERK: 5′- CACAAACTGTATAACCGTTA-3′; AFT6: 5′-CAGCAACCAATTTATCAGTTTA-3′ and IRE1: 5′- CAGCACGGACGTCCAGTTTGA-3′ \[[@B27]\]. Then equal amount of siRNA was transfected into cultured cardiomyocytes(at 60% confluence) at final concentration of 12.5nM by using HiPerFect siRNA transfection reagent (Qiagen) according to the manufacturer's instructions. The transfected cells were then incubated for 24 h prior to cell treatment.

### ***Cell treatment***

When cell populations reached confluence at 50%-60%, the cultures were exposed to whether normal glucose (NG) concentration (5.5 mM) or high- glucose (HG) concentration (33 mM) for 48 h in accordance to previous study \[[@B28]\].

Cardiomyocyte apoptosis assessment
----------------------------------

Terminal dUTP transferase nick end labeling (TUNEL) assay was applied to detect apoptosis in cardiac tissue. Briefly, Paraffin- embedded cardiac tissue were sectioned at 5 μm, deparaffinized and then digested by proteinase K (20 μg/mL, Sigma- Aldrich, USA). After soaked in phosphate buffer saline (PBS) for 15 minutes, a TUNEL assay was performed on processed sections using TUNEL assay kit (Roche) per the manufacturer's instructions. Apoptosis in cultured primary cardiomyocytes was assessed by flow cytometry using a Annexin V-FITC and propidiumiodide (PI) double staining. Briefly, 5 μl of Annexin V-FITC (BD) and 5 μl of PI (BD) were applied to cells suspended in binding buffer. After 15-minutes incubation at dark, a flow cytometer (FACS Calibur, BD) was used to analyze each sample.

Intracellular ROS detection
---------------------------

DHE staining was utilized to detect intracellular ROS in cardiac tissue. Serial frozen sections of fresh cardiac tissue were cut to a thickness of 10 μm at -20°C. Slides were then incubated with DHE (10 μmol/L, Beyotime) at 37°C for 45 minutes in a humidified dark chamber. ROS in cultured cells were detected by DCFH-DA staining (Beyotime). DCFH-DA was diluted by DMEM to a final concentration of 10 μmol/L to incubate the cells in a 6- well plate (Corning) at 37°C for 20 minutes. Fluorescent images were captured by inverted fluorescence microscope (TE2000U, Nikon) and analyzed by software Image Pro (Version 5.0, Media Cybernetic).

Subcellular fractionation
-------------------------

Method of isolation of subcellular fractions was in accordance with previous studies \[[@B29],[@B30]\] but with little modifications. Cultured cardiomyocytes were washed in PBS for three times, then suspended in an isolation buffer \[1 mM EDTA, 5 mM HEPES (amresco) PH = 6.8, 250 mM sucrose, protease inhibitor cocktail (amresco)\], and homogenized on ice with a Dounce homogenizer (Active Motif) for 5 strokes. By spinning at 1000 g at 4°C for 6 minutes, nuclei and unbroken cells were cleared from homogenates (H1). The supernatant (S1) from H1 was further centrifuged at 8000 g for 10 minutes. The resulting supernatant (S2) was further centrifuged at 100000 g for 30 minutes to obtain pellet (P3a) (light membrane fraction) and supernatant (S3) (cytosolic fraction), which were then centrifuged at 100000 g to gain further purification. The resulting pellet (P2) (crude mitochondrial fraction) from S1 was simultaneously spun at 8000 g for 10 minutes twice to gain further purification. The resulting pellet (P3b) from P2 was then centrifuged on Percoll gradients (30% Percoll, GE) at 95000 g for 30 mintues. At last, pure mitochondria (high-density band) and mitochondria-associated endoplasmic reticulum membranes (MAMs) fraction (low-density band) were collected respectively. 20 μg proteins from each fraction layer were loaded for further western blotting analysis.

Real- time quantitative PCR
---------------------------

According to manufacturer's instructions, total RNA was extracted using RNAfast 200 Kit (Fastagen) and then reversed transcribed to cDNA using PrimeScript RT Reagent Kit (Takara). SYBR Premix Ex TaqTMII (Takara) and Prism 7500 real- time PCR detection system (Applied Biosystems) were used to perform Real time quantitative PCR. The oligonucleotide primers for target genes including GRP78, AFT4, CHOP and β-Actin \[[@B22],[@B29]\] were listed in Table [1](#T1){ref-type="table"}. Relative levels of mRNA were normalized to β- Actin and calculated by △cycle threshold (△Ct = CtTarget-Ctβ-actin) using Bio-Rad IQ5 software (Version 1.0, Bio-Rad).

###### 

Primers for Real- time PCR

   **Gene Primer**                                             **Sequence**            **Size**
  ----------------- --------------------------------- ------------------------------- ----------
        GRP78                    Forward                 5′ TCAGCCCACCGTAACAAT 3′        275
       Reverse          5′ CAAACTTCTCGGCGTCAT 3′                                      
        ATF-4                    Forward               5′ CACTAGGTACCGCCAGAAGAAGA 3′     140
       Reverse         5′ AATCCGCCCTCTCTTTTAGAG 3′                                    
        CHOP                     Forward                5′ AGCTGAGTCTCTGCCTTTCG 3′       456
       Reverse         5′ TGTGGTCTC TACCTCCCTGG 3′                                    
      β- Actin                   Forward                 5′ TGGCACCCAGCACAATGAA 3′       186
       Reverse       5′ CTAAGTCATAGTCCGCCTAGAAGCA 3′                                  

Western blotting
----------------

According to manufacturer's instructions, cardiac tissue or cells were homogenized in RIPA lysis buffer system (Santa Cruz) with PMSF (Santa Cruz). The supernatants were separated from homogenates after centrifugation at 12500 g, 4°C for 10 minutes. Then the sample protein concentration in supernatants was detected by BCA protein assay kit (Santa Cruz). Sample protein was subjected to 1 × SDS- PAGE loading buffer then separated by electrophoresis in SDS- polyacrylamide gel (10% or 8%), then transferred to a polyvinylidene fluoride (PVDF) membrane. Blots were then probed by specific antibodies against GRP78 (Proteintech), PERK (Cell Signaling), phosphorylated PERK (p-PERK) (Cell Signaling), ATF4 (Cell Signaling), CHOP (Proteintech), IRE1(Abcam), phosphorylated IRE1 (p-IRE1) (Abcam), ATF6 (Abcam), Sigma Receptor (Santa Cruz) and β- Actin (Santa Cruz) at 4°C overnight. After washes by Tris- buffered saline (TBS) - Tween 20 (0.02%), second antibody conjugated to HRP (Santa Cruz) was used to incubate the membranes at room temperature for 2 hours. At last, membranes were developed with Super Signal West Pico chemiluminsecence reagent (Thermo Scientific) then visualized on X-ray films. ImageJ2x (Rawak Software) was used for quantification of immunoblots.

Statistical consideration
-------------------------

Results in this study were expressed as (mean ± SD) and analyzed by SPSS (version 17.0, SPSS). Significances were decided by one-way analysis of variance (ANOVA), then a LSD test was carried out. P \< 0.05 was set as statistically significant.

Results
=======

Diabetic animal model establishment
-----------------------------------

### ***Fasting Blood Glucose Concentration and Bodyweight***

In this study, rats with fasting plasma glucose levels higher than 300 mg/dL were deemed to be diabetic \[[@B31]\]. As shown in Figure [1](#F1){ref-type="fig"}a, fasting blood glucose levels of rats in DCM and DCM + NAC reached the diabetic rat standard of higher than 300 mg/dL; while fasting blood glucose levels of rats in Ctrl and NAC ranged from 90 to 130 mg/dL which indicated rat normal fasting blood glucose level \[[@B1]\]. As shown in Figure [1](#F1){ref-type="fig"}b, bodyweight of rats in DCM and DCM + NAC decreased significantly when compared with Ctrl and NAC.

![**Establishment of diabetic rat model.** Columns indicate values of Ctrl, NAC, DCM and DCM + NAC in a (mean ± SD) manner respectively. (**a**) Fasting blood glucose concentration was examined after modeling. (**b**) Body weight was measured after modeling. (**c**) and (**d**) LVESP, LVSP, LV dp/dt max and LV dp/dt min in different groups are detected by invasive hemodynamic determination. (**e**) Plasma BNP concentration (pg/mL) was determined by Triage BNP Assay. *a* Values are significantly different from Ctrl; *b* values are significantly different from NAC; *c* values are significantly different from DCM. \[(&)P \< 0.05; (\#)P \< 0.01; (\*)P \< 0.001\].](1475-2840-12-158-1){#F1}

Impaired cardiac and electrical functions which were alleviated by NAC in diabetic rats
---------------------------------------------------------------------------------------

Hemodynamic parameters were compared among groups. As shown in Figure [1](#F1){ref-type="fig"}c, [1](#F1){ref-type="fig"}d, and [1](#F1){ref-type="fig"}e, significantly increased LVEDP and plasma BNP levels but decreased LVSP, LVdP/dt max and LVdP/dt min were found in DCM compared with Ctrl and NAC. However, in DCM + NAC, NAC administration significantly reduced LVEDP and plasma BNP levels, promoted LVSP, LVdP/dt max and LVdP/dt min compared with DCM. The VAEs of rats were recorded by ECG, as demonstrated in Figure [2](#F2){ref-type="fig"}, significantly increased number of VAEs was observed in DCM compared with Ctrl and NAC. After NAC administration in DCM + NAC, number of VAEs decreased remarkably.

![**Standard limb lead II ECG recording in different groups.** (**a**) Normal ECG. (**b**) and (**c**) premature ventricular extrasystole. (**d**) Ventricular tachycardia. (**e**) Occurring number of VAEs in Ctrl, NAC, DCM and DCM + NAC were introduced as an indicator of arrhythmia vulnerability, which were presented as (mean ± SD) in 15- minute recording and indicated by columns respectively. *a* Values are significantly different from Ctrl; *b* values are significantly different from NAC; *c* values are significantly different from DCM. \[(&)P \< 0.05; (\#)P \< 0.01; (\*)P \< 0.001\].](1475-2840-12-158-2){#F2}

NAC administration attenuated cardiac ROS generation in cardiac tissue from rat model of DCM
--------------------------------------------------------------------------------------------

As shown in Figure [3](#F3){ref-type="fig"}a, ROS generation in frozen cardiac tissue sections in each group was examined in this study. DHE fluorescence staining intensity which is a specific indicator of ROS was found significantly stronger in DCM than Ctrl and NAC. As expected, DHE fluorescence staining intensity decreased significantly in DCM + NAC after intraperitoneal administration of NAC.

![**Detection of ROS generation and cell apoptosis in cardiac tissue in different groups.**(**a**) Intracellular ROS generation detection in vivo by DHE staining. The left side shows fluorescence microscopic images of cardiac frozen sections in Ctrl, NAC, DCM and DCM + NAC. The right side demonstrates the values of fluorescence intensity which stand for level of ROS generation. (**b**) Determination of in situ apoptosis in cardiac tissue in Ctrl, NAC, DCM and DCM + NAC groups. The left side represents TUNEL assay of paraffin- embedded myocardial tissue slides in Ctrl, NAC, DCM and DCM + NAC groups. Representative photomicrographs of TUNEL staining in myocytes are indicated by black arrows. The right side shows the qualification of TUNEL- positive (yellow- brown stained) cardiomyocytes. Columns in this figure indicate detected values of Ctrl, NAC, DCM and DCM + NAC respectively in (mean ± SD) manner. *a* Values are significantly different from Ctrl; *b* values are significantly different from NAC; *c* values are significantly different from DCM. \[(&)P \< 0.05; (\#)P \< 0.01; (\*)P \< 0.001\].](1475-2840-12-158-3){#F3}

ROS- mediated ER- stressinduced myocyte apoptosis in cardiac tissue from rat model of DCM
-----------------------------------------------------------------------------------------

As demonstrated in Figure [3](#F3){ref-type="fig"}b, DCM showed a dramatically increased number of TUNEL- positive cells than Ctrl and NAC. Administration of NAC suppressed myocyte apoptosis significantly in DCM + NAC.

Activation of ER stress and its sensors- IRE1, PERK and ATF6, in cardiac tissue from rat model of DCM
-----------------------------------------------------------------------------------------------------

The up-regulated expression of GRP78 indicates the activation of ER stress. As for the sensors, the activation of IRE1 and PERK are in form of self- phosphorylation; ATF6 is activated in the process of cleavage. As shown in Figure [4](#F4){ref-type="fig"}a, GRP78 and all three ER stress sensors, IRE1, PERK and ATF6, were more dramatically activated in DCM compared with Ctrl and NAC. However, the activations were significantly inhibited by NAC administration in DCM + NAC.

![**Detection of ER stress and its sensors in cardiac tissue in different groups.** (**a**) Immunoblots of GRP78 and ER stress sensors in different groups. The left side of this figure shows immunoblots of GRP78, p-PERK, PERK, p-IRE1, IRE1, cleaved ATF6 and beta-actin from top to bottom respectively in Ctrl, NAC, DCM and DCM + NAC. The right side of this figure demonstrates quantitative analysis of immunoblots on the left side of this figure. p-PERK/PERK ratio, p-IRE1/IRE1 ratio are used to stand for activation levels of PERK and IRE1; expression levels of GRP78 and cleaved ATF6 which are normalized to beta- actin are used to stand for activation levels of GRP78 and ATF6 among different groups. (**b**) Immunoblots and real- time quantitative PCR analysis of activation of PERK branch of ER stress in different groups. The left part of this figure shows immunoblots of ATF4, CHOP and beta-actin in Ctrl, NAC, DCM and DCM + NAC respectively. The middle part of this figure shows real-time PCR analysis of mRNA expression of ATF4 and CHOP (normalized to beta- actin) in Ctrl, NAC, DCM and DCM + NAC groups respectively. The right part of this figure shows quantitative analysis of immunoblots of ATF4 and CHOP (normalized to beta- actin) in Ctrl, NAC, DCM and DCM + NAC groups respectively. Values in this figure are presented by columns in (mean ± SD) manner. *a* Values are significantly different from Ctrl; *b* values are significantly different from NAC; *c* values are significantly different from DCM. \[(&)P \< 0.05; (\#)P \< 0.01; (\*)P \< 0.001\].](1475-2840-12-158-4){#F4}

Activation of PERK signaling pathway in cardiac tissue from rat model of DCM
----------------------------------------------------------------------------

Compared with Ctrl and NAC, in diabetic cardiac tissue under pathological condition of hyperglycemia, the activation of PERK signaling pathway was evidenced by increased phosphorylation of PERK (Shown in Figure [4](#F4){ref-type="fig"}a), up- regulated expression of ATF-4 and CHOP in DCM group. NAC treatment was proposed to inhibit signal transduction in PERK signaling pathway via deactivating PERK and down- regulating expression of ATF-4 and CHOP (Figure [4](#F4){ref-type="fig"}b).

Lack of PERK protected ROS- induced ER stress- mediated apoptosis more profoundly than lack of IRE1 or ATF6 in high- glucose incubated primary cadiomyocytes
------------------------------------------------------------------------------------------------------------------------------------------------------------

By utilizing RNAi technique, expressions of IRE1, ATF6 and PERK were found absent respectively in IRE1dn, ATF6dn and PERKdn cardiomyocytes. There was no indication of elevated activation of these ER stress sensors (Figure [5](#F5){ref-type="fig"}) in responses to similar amount of high- glucose induced intracellular ROS generation (Figure [6](#F6){ref-type="fig"}). Furthermore, as shown in Figure [7](#F7){ref-type="fig"}, we found PERKdn, ATF6dn and PERKdn cardiomyocytes were all significantly more resistant to ER- stress induced cell death compared with their wild type counterparts. And interestingly, after exposure to oxidative stress, it seems that PERKdn cells were dramatically more resistant to apoptosis compared with ATF6dn or IREdn cells.

![**Determination of ER stress sensors in wild type, PERK dn, IRE1 dn and ATF6 dn cardiomyocytes.** The right side of this figure demonstrates quantitative analysis of immunoblots on the left side of this figure. Columns indicate the expression level of imunoblotted proteins including p-PERK, PERK, p-IRE1, IRE1, cleaved ATF6 and beta- actin respectively. Ratio of p-PERK/PERK, p-IRE1/IRE1 and cleaved ATF6/beta- actin were used to stand for activation levels of PERK, IRE1 and ATF6 in wild type myocytes (black columns) and knocked- down myocytes (grey columns) whether incubated in normal- glucose condition or high- glucose condition. Values in this figure are presented by columns in (mean ± SD) manner. *a* Values are significantly different from NG. \[(&)P \< 0.05; (\#)P \< 0.01; (\*)P \< 0.001\].](1475-2840-12-158-5){#F5}

![**Intracellular ROS generation detection in vitro by DCFH-DA staining.** The upper panel shows fluorescence microscopic images of cultured cardiomyocytes exposed to whether normal- glucose concentration or high- glucose concentration. As shown in the upper panel, ROS level are detected in wild type, PERK dn, ATF6 dn and IRE1 dn cardiomyocytes. The lower panel shows the fluorescent intensity (left side) and relative fluorescent intensity (right side) of DCFH-DA staining in wild type, PERK dn, ATF6 dn and IRE1 dn cardiomyocytes. Values in this figure are presented by columns in (mean ± SD) manner.](1475-2840-12-158-6){#F6}

![**Determination of cell apoptosis in wild type, ATF6 dn, IRE1 dn and PERK dn cardiomyocytes.** (**a**) the cell apoptosis detected by annexin V and PI double staining by flow cytometry in wild type, ATF dn, IRE1 dn and PERK dn cardiomyocytes exposed to high- glucose incubation. (**b**) the cell apoptosis detected by annexin V and PI double staining by flow cytometry in wild type, ATF dn, IRE1 dn and PERK dn cardiomyocytes exposed to normal- glucose incubation. (**c**) The columns in the lower panels show the qualification of apoptotic percentage in the charts in the upper panel. *a* Values are significantly different from Ctrl; *b* values are significantly different from NAC; *c* values are significantly different from DCM. \[(&)P \< 0.05; (\#)P \< 0.01; (\*)P \< 0.001\].](1475-2840-12-158-7){#F7}

PERK was located on MAMs rather than IRE1 or ATF6
-------------------------------------------------

Intracellular localization of ER- stress branch governors was investigated by subcellular fractionation and western blotting in cardiomyocytes. Subcellular fractions containing ER, mitochondria and MAMs were immunoblotted by antibodies against PERK, ATF6, IRE1 and Sigma Receptor respectively. As demonstrated in Figure [8](#F8){ref-type="fig"}, PERK was found enriched in ER and MAMs together with Sigma Receptor which is well defined as a molecular component of MAMs, also expresses in mitochondria and ER. However, the expressions of IRE1 and ATF6 were indentified only in ER rather than mitochondria and MAMs.

![**Immunoblots of proteins obtained from subcellular fractionations of cardiomyocytes.** ER, mitochondria and MAMs fractions are isolated from whole cell lysates from cardiomyocytes. Antibodies against IRE1, ATF6 and PERK are used to detect the protein expressions of IRE1, ATF6 and PERK in cellular fractions of ER, MAMs and mitochondria. Sigma R1 is introduced as a internal reference.](1475-2840-12-158-8){#F8}

Discussion
==========

As the spread of sedentary lifestyle and obesity in the modern society, according to the data from World Health Organization (WHO), over 300 million people will suffer from diabetes mellitus by the year 2025 \[[@B32]\]. As one of the chronic cardiac complications, cardiovascular complications are major causes responsible for mortality of diabetes \[[@B33],[@B34]\]. In diabetes- afflicted population, increased risk for cardiac dysfunction which was termed as DCM which was considered independent from other cardiovascular diseases including hypertension, congenital heart disease, valvular heart diseases and coronary artery disease \[[@B35]\]. Apoptosis of cardiomyocytes is considered as one of the hallmarks of DCM, taking part in pathogenesis and progression of cardiac dysfunction during DCM \[[@B5],[@B36]\]. In this study, diabetes in rats was mimicked by intraperitoneal injection of STZ which selectively causes damage to islet beta cells to suppress insulin secretion. The induction of DCM was evidenced by cardiac pump and electrical dysfunctions. In the present study, in accordance with previous studies \[[@B37]\], DCM in diabetic rats was characterized by significant weakening of systolic and diastolic cardiac performances, associated with increased plasma BNP level which is generally used to evaluate the severity and prognosis of cardiac dysfunctions \[[@B38]\]. Moreover, the remarkable BNP overexpression seemed to be the best early marker for cardiac changes of DCM \[[@B39]\]. Rarely reported in previous studies, by electrocardiogram examination, we also found that hyperglycemia made diabetic hearts more vulnerable to arrhythmia which was evidenced by increased occurring number of VAEs. The possible mechanism was the decrease of expression ATP- sensitive potassium (K~ATP~) channels, as evidenced in both diabetic rats and high glucose treated cardiomyocytes \[[@B40]\], which increased the susceptibility to arrhythmia \[[@B41]\].

It is suggested that increased oxidative stress and cardiomyocytes apoptosis take responsibility to the pathogenesis and development of cardiovascular complications of diabetes \[[@B42]\]. Myocardiac apoptosis has been generally considered as a vital cause in both pathogenesis and progression of kinds of cardiac diseases such as myocardial infarction, ischemia reperfusion and DCM \[[@B37],[@B43]\]. Cardiac apoptosis is also believed as a therapeutic target to improve cardiac functions by various kind of drugs \[[@B44],[@B45]\]. Accumulating evidences show that ROS produced during oxidative stress results in myocytes apoptosis during DCM \[[@B46],[@B47]\]. Furthermore, several studies indicated that oxidative stress is the cause of cardiomyocyte apoptosis in diabetes. By attenuating oxidative stress, previous study showed a significant decline of cardiac apoptosis in cardiac tissue in diabetic mice \[[@B48]\]. In our study, increased ROS generation in oxidative stress was proved as the cause of apoptotic cell death in diabetic hearts. Indeed, by DHE staining, higher intracellular ROS level was detected in cardiac tissue along with more TUNEL- positive myocytes after exposure to hyperglycemia compared with non- diabetic heart. In addition, after administration of NAC, an efficient ROS scavenger, in rats with DCM, number of TUNEL- positive myocytes decreased dramatically. These results indicated that ROS generated in excessive oxidative stress led to apoptotic events in diabetic hearts, which was in accordance with previous studies \[[@B49]\].

Except for two classical apoptotic signaling pathways- the death receptor and mitochondria- mediated pathways, it is believed that ER stress is another major pathway conducting cell apoptotic signals \[[@B50]\]. ER is an important cell organelle which performs cellular vital functions, mainly including protein synthesis, protein post- translational modification, protein folding, sorting and trafficking \[[@B51]\]. In responses to many stimuli, ER dysfunction would lead to accumulation of misfolded proteins which eventually results in ER stress \[[@B52]\]. However, when too severe, activation of ER stress would eventually lead to eukaryotic cell apoptosis \[[@B53]\]. GRP78, also known as immunoglobulin heavy chain binding protein (BIP), is an important molecular chaperone in recognizing and binding to unfolded proteins in ER stress \[[@B54]\]. Under certain pathological conditions, unfolded proteins accumulate in the ER lumen and necessitate GRP78 dissociation, then induce the UPR. After triggering ER stress, expression of GRP78 is dramatically elevated, thus, expression level of GRP78 could be used as an indicator of ER stress. In this study, the expression of GRP78 in cardiac tissue was investigated by western blotting and real- time PCR. We found that the ER stress hallmark, GPR78, was upregulated at both protein and mRNA levels in the diabetic heart when compared with normal hearts. The result showed that along with intracellular ROS generation, there was a more intensified ER stress in diabetic heart. Our findings were also in accordance with others: the up-regulated GRP78 and Bax expressions in myocytes were associated with increased apoptosis in diabetic myocardium \[[@B55]\]. However, after ROS blocked by NAC, the extent of ER stress was impaired and the apoptotic myocytes were then reduced, suggesting that the down- stream signaling in ER stress in DCM was mediated by upper- stream signaling from ROS, the ER stress might be the key connection between excessive ROS generation and myocyte apoptosis.

Generally, in multicellular eukaryotyes, in response to ER stress, three ER localized transmembrane signal transducers, referred as IRE1, PERK and ATF6, are activated to initiate subsequent responses \[[@B17]\]. Act as stress sensors, the three transducers to monitor the condition of ER. Under physiological conditions, each of these sensors is maintained inactively by binding to GRP78; however, due to ER stress, GRP78 dissociates from each transducers which triggers their activation and induction of UPR \[[@B50]\]. Considering the roles of IRE1, PERK and ATF6, it is possible that these receptors are fundamental to ER stress- induced apoptosis. In response to UPR or UPR derived changes in heterologous protein interactions \[[@B52]\], after transautophosphorylation, the activated IRE1 (p-IRE1) recruits adaptor protein- tumor necrosis factor receptor associated factor 2 (TRAF2) and apoptosis signal regulating kinase 1 (ASK1), to form IRE1-TRAF2-ASK1 complex, leading to apoptosis by activating c-Jun N-terminal kinase (JNK) and downstream mitochondria/Apaf-1- dependent caspase signaling \[[@B56],[@B57]\]. In response to ER stress, PERK is activated by autophosphorylation and homomultimerization. Activated PERK (p-PERK) then phosphorylates the alpha- subunit of eIF2 (eIF2α) which then shut down translation initiation of global genes except ATF4. Under prolonged or strong ER stress, continued ATF4 expression mediates the upregulation of gene that contribute to cell apoptosis. The transcription factor C/EBP homologous protein (CHOP), whose expression strongly depends on ATF4, is primarily considered as a pro-apoptotic transcription factor \[[@B15]\]. The CHOP^-/-^ cells and mice exhibit decreased apoptosis in response to ER stress, indicating the significant role of this pathway \[[@B58]\]. By translocating the pro-apoptotic protein Bax from cytosol to mitochondria and decreasing expression of the antiapoptotic BCL-2 protein, overexpression of CHOP leads to enhanced oxidant injury and apoptosis \[[@B59],[@B60]\]. Although CHOP can be activated by all three ER stress sensors, it is most strongly induced by phosphyorylation of PERK \[[@B53]\]. In the spontaneous diabetic rat model, remarkabely increased CHOP gene expression and phosphorylation of myocardial PERK and eIF2α were found when compared with control \[[@B61]\]. ATF6 is exported from ER and then translocated to Golgi apparatus under ER stress. After cleaved by Site-1 proteases (S1P) and Site-2 proteases (S2P), the cytosolic domain of ATF6 then translocates to nucleus to initiate transcription of UPR target genes \[[@B62]\]. In general, these genes induced on the proapoptotic phase of ER stress contribute to programmed cell death \[[@B63]\]. The recent study also showed that ATF6 had the ability to mediate ER stress- induced apoptosis on its own \[[@B64]\]. In addition, It was reported ATF6 could also induce expression of CHOP \[[@B52]\], the ER stress pathway involving ATF6 and CHOP played a key role in cell apoptosis under ER stress, the overexpression of ATF6 induced CHOP and following apoptosis \[[@B65]\]. In this study, the above- mentioned three ER stress sensors in cardiac tissue from DCM animals were investigated. We found dramatically increased p-PERK/t-PERK ratio, p-IRE1/t-IRE1 ratio and cleaved ATF6 expression, as well as the upregulated levels of the proapoptotic protein CHOP, indicating that all three ER stress sensors were activated, leading to myocyte apoptosis. However, the roles of these different ER stress sensors- mediated signaling pathway in inducing apoptosis in DCM is still unknown. This provoked our interest to propose the in vitro study by using primary cardiomyocytes.

siRNA was transfected to cardiomyocytes to knockdown PERK, IRE1 and ATF6 expression respectively. It has been documented that high glucose concentrations could increase the intracellular ROS production in myocyte, causing and promoting DCM \[[@B66],[@B67]\]. In this study, as shown in Figure [6](#F6){ref-type="fig"}, we also found that high glucose concentration (33 mM) caused an increased generation of ROS production in both cultured wild type and the three ER sensors knockdown cardiomyocytes. There was no significant difference in ROS levels between wild type, PERKdn, IRE1dn and ATF6dn cardiomyocytes under high glucose conditions. However, compared with their wild type counterparts, all PERKdn, IRE1dn and ATF6dn cardiomyocytes exhibited the capacity of resistance to apoptosis under the similar stimuli of ROS generated by high- glucose incubation. Interestingly, under similar stimuli of ROS, PERK deficiency showed stronger protection against cell death compared with IRE1 or ATF6 deficiency. This result suggested that ROS- induced ER- stress mediated myocytes apoptosis relied more predominantly on PERK rather than IRE1 or ATF6 governed signaling pathway. However, the possible mechanism of this phenomenon is still obscure.

Under pathological condition of diabetes, increased glucose is processed by mitochondrial glucose oxidation, as a byproduct of electron transport, excessive ROS was generated \[[@B68]\]. The link between mitochondria and PERK signaling may reveal the above- mentioned phenomenon that the stronger protection effect of PERK deficiency. MAMs is the functional and physical contact site between ER and mitochondria. The function of MAMs includes calcium signaling, lipid metabolism, inflammation and so on \[[@B69]\]. Recent studies suggested that there was a group of MAMs proteins which were ER protein folding chaperones and redox regulators such as Sigma Receptor and calnexin \[[@B70]\]. In addition, considering PERK acts as a transcriptional regulator in redox homeostasis, we speculated that PERK located on MAMs rather than IRE1 or ATF6. Subcellular fractionation was used to isolate ER, mitochondria and MAMs from cardiomyocytes. Results from western blotting confirmed our speculation that PERK was enriched in ER and MAMs, but IRE1 and ATF6 were found only located in ER rather than MAMs. MAMs' crucial role of conducting apoptosis signals was demonstrated by previous study: after ER- mitochondria contact points were bound and blocked by keratin- binding protein, cells were resistance to apoptosis after oxidative stress exposure \[[@B71]\].

Thus, as demonstrated in Figure [9](#F9){ref-type="fig"}, it is relatively clear for us to speculate the notion that PERK may govern the major signaling pathway in inducing apoptosis in DCM. The most likely mechanisms are shown as follows. Hyperglycemia causes abnormal glucose metabolism in cardiomyocytes. After mitochondrial glucose oxidation, ROS is produced and released to disturb the redox balance and result in oxidative stress in myocytes. After interaction with proteins in ER lumen, as misfolded protein accumulating, ER stress signaling is initiated. Three ER stress sensors, PERK, IRE1 and ATF6 are then activated in response to ROS to conduct apoptotic signals to eliminate irrevocable damaged myocytes through separate and particular pathways. In this process, as a component of ER and a component of MAMs, PERK may play a important role in linking the ROS generation and ER stress induced apoptotic events.

![**Schematic diagram demonstrating speculated roles of ER stress signaling pathways in diabetic cardiomyopathy.** Firstly, under pathological condition of hyperglycemia in myocytes, ROS is generated by glucose oxidation in mitochondria. Then ROS is released to ER and sensed by three independent ER stress sensors- ATF6, IER1 and PERK to induce ER stress. Under excessive ER stress, apoptotic signals are transducted by ATF6, IRE1 and PERK signaling pathways to induce myocytes apoptosis. Meanwhile, as a component of MAMs proteins, PERK also receives signals from ROS affecting MAMs. Thus, as PERK signaling pathway received double stimulation of ROS in ER and MAMs, PERK is proposed the major signaling pathway transducting apoptotic signals in ROS- mediated ER stress- induced cell apoptosis in DCM. (Non-specific or cross- talk signaling transduction by ER stress sensors is not shown in this figure).](1475-2840-12-158-9){#F9}

ER stress is considered playing an important role in inducing myocytes apoptosis in DCM. This study showed that deletion of PERK exhibited stronger protective effect against HG-induced cell death than deletion of other two arms, namely ATF6 and IRE1, due to its localization and enrichment on MAMs. However, there were also several limitations which could be improved in the further studies. Utility of ER sensors knock-out animal would be helpful in supporting and proving the current conclusions. Other studies should also be conducted to specifically address how PERK is located at this ER-mitochondria junction and what function it can carry out. And more interestingly, whether and how the arrhythmia is correlated with sarcoplasmic reticulum (SR) calcium mishandling, another important aspect of ER stress, has become a novel and potential research topic for our group in the very near future.

Conclusions
===========

This study suggests a new recondition of signaling transduction in explaining mechanism of DCM:

1\. ROS- induced ER stress mediated myocyte apoptosis may play an important role in DCM which is characterized by cardiac pump and electrical dysfunctions.

2\. All three ER stress sensors, IRE1, ATF6 and PERK, governed signaling pathway participate in ER stress- induced cell apoptosis in DCM.

3\. Rather than IRE1 or ATF6, PERK governed signaling pathway is probably the major pathway conducting apoptotic signaling in ROS- induced ER stress mediated myocyte apoptosis in DCM.
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